Rationale: Structural risk factors for obstructive sleep apnea syndrome (OSAS) in adolescents have not been well characterized. Because many adolescents with OSAS are obese, we hypothesized that the anatomic OSAS risk factors would be more similar to those in adults than those in children.
The obstructive sleep apnea syndrome (OSAS) is common in children and adults, but it has not been well studied in adolescents. In one study, researchers reported the prevalence of OSAS in adolescents to be 2% (1) , but the prevalence is probably higher in the United States because of the adolescent obesity epidemic (2) . OSAS in children is thought to be secondary to a combination of enlargement of the lymphoid tissue (tonsils and adenoid) (3) and, sometimes, obesity, as well as to reductions in neuromuscular tone (4) . In adults, there are known anatomic risk factors for OSAS, including enlargement of the tongue, soft palate, parapharyngeal fat pads, and lateral pharyngeal walls (5) in conjunction with craniofacial restriction (retrognathia) (6) . In addition to anatomic factors, physiologic mechanisms increase OSAS risk in both children and adults (7) (8) (9) (10) (11) (12) . Although these risk factors for OSAS have been well described in children and adults, few studies have addressed the important transitional developmental phase of adolescence.
Given the obesity epidemic in adults and adolescents (2) and the decline in lymphoid tissue growth with age (13), we suspected that the anatomic risk factors for OSAS in adolescents would be more similar to those of adults than to those of children. Accordingly, obesity-related anatomic risk factors for OSAS, including enlargement of the parapharyngeal fat pads, tongue (including tongue fat), lateral pharyngeal walls, and total upper airway soft tissues could play an important role in the pathogenesis of OSAS in adolescents. Moreover, the anatomic risk factors for OSAS in adults are thought to be different in men versus women (14) . It is not known whether anatomic risk factors for OSAS in adolescents, including the size of lymphoid tissue, are different between boys and girls.
To determine the anatomic risk factors for OSAS in adolescents, we studied participants by using magnetic resonance imaging (MRI). MRI allowed us to determine upper airway sizes, surrounding soft tissue volumes, adenotonsillar tissue volumes, and craniofacial structures. Although enlargement of upper airway soft tissue structures and reduction in the craniofacial skeleton increase the risk of developing OSAS (5, 6) , it is likely that a combination of these structures confers additional increased risk (15) . Specifically, a smaller craniofacial area combined with larger upper airway soft tissue volume should increase the severity of OSAS. Therefore, in addition to the specific upper airway soft tissue volumes and craniofacial structures that we examined in the investigation, we also studied a combined measure: the ratio of the total upper airway soft tissue volume to the combined nasopharyngeal and oropharyngeal craniofacial space (ratio of soft tissue to craniofacial space [STCF] ). The STCF ratio measures how much soft tissue occupies the space within the limits of the craniofacial structure. Such a measure has never been studied before, and it may provide important insight into the pathogenesis of sleep apnea in adolescents.
The objectives of this study were to examine anatomic risk factors for OSAS in three groups (obese patients with OSAS, obese control subjects, and lean control subjects) of adolescents (age range: 12-16 yr) by MRI. We hypothesized that in the adolescents with OSAS compared with the obese and lean control subjects: (1) upper airway caliber would be smaller, (2) upper airway soft tissues structures would be larger, (3) adenotonsillar tissue would be larger, (4) the STCF ratio would be greater, and (5) the craniofacial structures would be smaller. We also hypothesized that, in all participant groups, the boys would have larger upper airway soft tissue and craniofacial structures than the girls.
Portions of this investigation have been presented previously in abstract form (16) (17) (18) .
Methods
The Institutional Review Board at the Children's Hospital of Philadelphia (CHOP) approved the study. Informed consent was obtained from the parents and/ or guardians of the participants, and assent was obtained from the participants. Additional information on the methods used in this study is presented in the online supplement.
Participants
Adolescents aged 12-16 years were recruited as part of a larger study evaluating the pathophysiology of OSAS (19) (20) (21) (22) . Adolescents with OSAS were recruited from the Sleep Center at CHOP. Control subjects (obese and lean) were recruited from the CHOP Healthy Weight Program and the general population via advertisements. All control subjects were nonsnorers without symptoms of OSAS. Participants were defined as obese if their body mass index (BMI) was above the 95th percentile and lean if their BMI was below the 85th percentile (23) . Participants with OSAS were eligible if they were obese and had an apnea-hypopnea index (AHI) of more than five events per hour (i.e., mild to moderate pediatric OSAS), and control participants were eligible if they had an AHI of less than 1.5 events/h (24) (25) (26) (27) . Adenotonsillectomy was an exclusion criterion. Lean adolescents with OSAS were not included, as OSAS is very uncommon in lean individuals in this age group (28) .
Sleep Study
Baseline in-laboratory polysomnography was performed using standard pediatric recording and scoring techniques (29) .
MRI
Upper airway MRI was performed using a 3T scanner (MAGNETOM Sonata; Siemens Healthcare, Malvern, PA) equipped with a prototype enhanced gradient system.
Upper Airway Analysis
Using the Amira 4. (Figure 1 ). Airway length was measured as the distance between the palatal plane and a parallel plane through the base of the epiglottis (see Figure E2B ) (14, (30) (31) (32) . Airway length was adjusted for height (14, (30) (31) (32) . Volumetric analysis of the upper airway soft tissue structures was performed on the axial T1-weighted MRI scans and included the soft palate, tongue genioglossus muscle, other tongue (geniohyoid, hyoglossus, myohyoid, digastric, and mylohyoid) muscles, parapharyngeal fat pads, lateral pharyngeal walls (which included the tonsils), pterygoid muscle, epiglottis, and total sum of soft tissue volumes (Figure 2 ). Axial T2-weighted MRI scans were used for measurements of the tonsils (right and left combined) and adenoid as they provided better resolution of lymphoid tissue than T1-weighted images did ( Figure 3) .
Primary cephalometric analysis of craniofacial structures was analyzed based on five subdomains (as in our previous studies [6] ): (1) mandibular width measured in two dimensions and mandibular length and depth measured in three dimensions ( Figure E1 ), (2) hyoid measurements of the distance from hyoid to nasion, sella, and supramentale ( Figure  E2A ), (3) craniofacial angles, (4) craniofacial heights and areas, and (5) maxillary measurements ( Figure E2B ).
In addition to the above-described measures, we examined a combined measure: the STCF ratio. Total soft tissue volume included the volumes of the genioglossus, other tongue muscles, soft palate, retropalatal and retroglossal lateral pharyngeal walls, parapharyngeal fat pads, epiglottis, pterygoid muscle, palatine tonsils, and adenoid. The oropharyngeal portion of the craniofacial structure was delineated by the mandible and maxilla and bound posteriorly by the spine (Figure 4) . The nasopharyngeal portion of this craniofacial structure was delineated by four boundaries (Figure 4 ): (1) the anterior boundary, extending from the posterior nasal spine to the sphenoethmoidal suture; (2) the posterior border, forming a plane following the basilar part of the occipital bone; (3) the superior boundary, constituting a straight line from the sphenoethmoidal suture to the sphenooccipital suture; and (4) the inferior border, which was a straight line from the posterior nasal spine to the C1 vertebra.
The technician performing the MRI analyses was blinded to the polysomnography results.
Statistical Analysis
See the online supplement for information about the statistical analysis. In brief, an adjusted analysis of covariance was used to compare the three groups with a subdomain-specific, Bonferroni-corrected level of significance.
Results

Participant Characteristics
Demographic comparisons of the groups are presented in Table 1 . There were no significant differences in most demographic variables, but, by study design, there were significant differences in AHI and weight-related variables between the three participant groups. Of note, there were no significant differences in BMI z-scores between obese participants with OSAS and obese control subjects, and there was no significant difference in AHI between the obese and lean control groups.
We compared boys and girls within each of the participant groups (see Table  E1 ). Boys were taller than girls in each group (P , 0.025 for each comparison). Boys in the obese control group were slightly younger (P = 0.044) than girls and had a lower percentage of late Tanner stage (P = 0.013). Boys in the lean control group also had a slightly higher mean AHI than girls in the lean control group (P = 0.017), but this value was still within the normal range. There were no other differences in demographic characteristics between boys and girls within each participant group.
The results presented below are adjusted for relevant covariates, including age, race, and Tanner stage (see online supplement). 
Differences between Participant Groups
Upper airway caliber. Figure 5 shows a reduction in the size of the nasopharyngeal airway for representative OSAS, obese control, and lean control participants. Similar findings were noted when all participants were examined. Comparisons of upper airway caliber between participant groups are presented in Table 2 and Figure 6 . The OSAS group had a smaller nasopharyngeal volume, nasopharyngeal mean cross-sectional area, and nasopharyngeal minimum airway area, and a larger retroglossal anteroposterior dimension at the minimum airway area, than both obese and lean control subjects. Participants with OSAS and obese control subjects had significantly smaller retropalatal lateral dimensions than lean control subjects, but there was no difference between participants with OSAS and obese control subjects. Airway volume and mean cross-sectional area in the retropalatal and retroglossal regions were not significantly different across participant groups. There was a trend for airway length adjusted for height to be longer (P = 0.053) in the OSAS group than in obese control subjects, and this length was significantly longer (P = 0.003) in participants with OSAS than in lean control subjects, but there was no difference in adjusted or unadjusted airway length between obese and lean control subjects.
Lymphoid tissue volume. Figure 5 shows larger adenoid and tonsils in a representative participant with OSAS than in an obese control and a lean control. Similar findings were noted when all participants were examined (Table 3 and Figure 6 ). The OSAS group had larger volumes of the adenoid and tonsils than both obese and lean control subjects. Obese control subjects also had a larger volume of the adenoids, but not of the tonsils, than lean control subjects.
Upper airway soft tissue structures. Figure 5 shows that the volume of the lateral walls (which are composed of pharyngeal muscle and palatine tonsils) is larger in a representative participant with OSAS than in an obese control and a lean control. Similar findings were noted when all participants were examined ( Table 4 ). The volume of the total lateral walls and, specifically, the volume of the retropalatal lateral walls were larger in the OSAS group than in the obese control subjects and lean control subjects. However, this was not true for the volume of the lateral walls minus the tonsillar volume, which indicates that the changes in the lateral walls between participants with OSAS and obese control subjects were related to the palatine tonsils. Most of the upper airway soft tissue volumes (excluding soft palate, epiglottis, and tongue fat volumes) were larger in the OSAS group than in the lean control subjects, and these volumes were larger in the obese control subjects than in the lean control subjects (except for retropalatal lateral wall volume).
Craniofacial structures. Comparisons of the craniofacial structures between participant groups are presented in Table 5 . We examined several craniofacial domains (see the METHODS section and the online supplement). The only measure that was nominally smaller (P = 0.038) in the participants with OSAS than in obese control subjects was total mandibular length. There were no other differences between the participants with OSAS and obese control subjects. However, there were many statistically or nominally significant differences between patients with OSAS and lean control subjects (Table 5) . Compared with lean control subjects, participants with OSAS had a larger saddle angle, nasion-sella to horizontal plane, palatal plane to nasion-sella, lower facial height, anterior facial height, posterior nasal spine to anterior arch atlas, oropharyngeal area, distance from hyoid to third cervical vertebra, hyoid to retropogonion and retropogonion to C3, mandibular depth, mandibular corpus length, mandibular width (at the first and premolars and at the gonion), and maxillary depth. The upper to anterior facial height ratio, mandibular ramus length, and maxillary divergence were smaller in participants with OSAS than in lean control subjects. Similarly, many, but ORIGINAL ARTICLE not all, the findings for these measures were the same when we compared obese control subjects with lean control subjects.
Comparisons of global measures of soft tissue volumes and craniofacial space.
Comparisons of total soft tissue volume, craniofacial space, and the STCF ratio among the three participant groups are presented in Table 6 and Figure 6 . Total soft tissue was significantly larger in the participants with OSAS and obese control subjects than in the lean control subjects, but there were no significant differences between the OSAS and obese control groups. Obese control subjects had a larger craniofacial space than lean control subjects, but there were no significant differences between participants with OSAS and obese or lean control subjects. However, participants with OSAS had a significantly larger STCF ratio than both obese and lean control subjects.
Associations between continuous AHI and the MRI variables that were significantly different between participants with OSAS and obese control subjects. We performed a correlational analysis between continuous AHI and the MRI measurements that were significantly different between participants with OSAS and obese control subjects to examine the relationship with OSAS severity. We restricted this analysis to only the OSAS group. Overall, we observed significant or suggestive (P , 0.05) correlations between AHI severity and the following MRI measures (see Table E2 ): adenoid volume, tonsillar volume, nasopharyngeal cross-sectional area, and both total and retropalatal lateral wall volumes.
Sex differences in lymphoid tissue
between and within participant groups. For detailed results, see Tables E1 and E3-E13,  Table 3 , and Figure 6 . In brief, among boys, those with OSAS had significantly larger tonsillar but not adenoid volumes than obese controls, whereas among the girls, the OSAS group had significantly larger adenoid but not tonsillar volumes than the obese and lean control subjects. Among subjects with OSAS, boys had nominally larger tonsil volumes than girls (P = 0.032), but there were no differences in adenoid volumes. Among obese control subjects, boys had nominally larger tonsils (P = 0.011) and significantly larger adenoids (P = 0.003) than girls did. There were no significant differences between boys and girls in lymphoid tissue volumes among lean control subjects. Consequently, in betweengroup comparisons of boys (Table E3) , there was no difference in nasopharyngeal airway size between boys with OSAS and obese control subjects, whereas in betweengroup comparisons in girls (Table E4) , nasopharyngeal airway measures were significantly smaller in those with OSAS than in obese and lean control subjects. In all subject groups, most soft tissue volumes were larger in boys than in girls. Among subjects with OSAS, there was no difference in the STCF ratio between boys and girls.
Discussion
This large study of adolescents with OSAS compared with obese and lean control subjects is one of the few to specifically target the pathophysiology of OSAS in adolescents. The primary findings are as follows: (1) Obese adolescents with OSAS had increased adenotonsillar tissue compared with obese and lean control subjects without OSAS; (2) obese adolescents with OSAS had a smaller nasopharyngeal airway than the control groups; (3) the sizes of other upper airway soft tissue structures (tongue, parapharyngeal fat pads, lateral walls, and soft palate) were similar between participants with OSAS and obese control subjects; (4) although there were no major craniofacial abnormalities in most adolescent participants with OSAS, the STCF ratio was increased; and (5) there were sex differences in the pattern of lymphoid proliferation between participants with OSAS and obese control subjects, with boys with OSAS having larger tonsils and girls with OSAS having larger adenoids.
In recent years, it has become recognized that OSAS is a common cause of morbidity in both children and adults. However, adolescence-the transition from childhood to adulthood and a period of development known to be associated with major sleep issues (33)-remains virtually unstudied in relation to OSAS. Adolescence is a critical time of transition characterized not only by changes in sexual development but also by changes in somatic growth and cortical processing (34) . It is characterized by an increasingly more collapsible upper airway, with attenuation of upper airway reflexes (35) as well as overall ventilatory control (36) . The upper airway changes markedly during adolescence, especially in boys who develop a laryngeal prominence (the "Adam's apple") and a change in voice. Despite the importance of this developmental stage, the structural changes associated with OSAS have not been specifically studied in this age group.
Obesity is thought to be an etiologic factor for OSAS that is more common in adolescents than in younger children, although few studies have been performed to support this assertion. However, many adolescents do not have resolution of 
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OSAS despite substantial weight loss (37) , suggesting that obesity alone may not be the primary factor in the development of OSAS. Thus, a detailed evaluation of the upper airway in obese adolescents with OSAS is warranted. To determine the anatomic risk factors for OSAS in adolescents, and to distinguish the effects of obesity from those of OSAS, we studied obese adolescents with OSAS, obese control subjects, and lean control subjects. The prevalence of adolescent obesity in the United States is currently 20.5% (2) . Obesity is associated with an increased risk of OSAS throughout the age spectrum, from infancy through adulthood (38) (39) (40) (41) (42) . It is unclear how obesity interacts with adenotonsillar hypertrophy, as well as with ventilatory drive and pulmonary mechanics, as a risk factor for OSAS. Although not studied well in the literature, the prevailing belief is that adolescents with OSAS are usually obese, and thus the pathophysiology and management of OSAS are more similar to those noted in adults than in younger children. Thus, these patients are often treated with continuous positive airway pressure (CPAP) rather than with adenotonsillectomy. However, the present study shows that adolescents with OSAS still had large tonsils and adenoids, resulting in a narrower upper airway. Thus, these obese adolescents had airway structural factors similar to those of younger children rather than of adults.
Little is known about the growth of upper airway structures during adolescence. Arens and coworkers showed that adenotonsillar tissue continues to increase, along with upper airway size, in healthy children until 11 years of age; older adolescents were not studied (43) . In Figure 6 . Bar graphs showing differences in adenoid volume, tonsil volume, nasopharyngeal airway volume, total soft tissue volume, craniofacial space, and ratio of total soft tissue to craniofacial space (TST:CF) in the three participant groups and separated into boys and girls. LC = lean control subjects; OC = obese control subjects; OSAS = obstructive sleep apnea syndrome.
Nonlymphoid soft tissue was increased in both the obese OSAS and obese control groups compared with lean control subjects, but it did not differ between the two obese groups (obese OSAS and obese control subjects). Thus, deposition of fat within the tongue or parapharyngeal soft tissues does not appear to be a major risk factor for OSAS in adolescents. This is different from OSAS in adults, where participants with OSAS have larger lateral pharyngeal walls and more tongue fat volume than P values for pairwise comparisons (P , 0.0167, indicating statistically significant after Bonferroni correction), applicable when P ANOVA suggests significant differences between groups. x Bonferroni-corrected significance level of P ANOVA , 0.025 (equals 0.05/2). 
0.0036
Definition of abbreviations: OSAS = obstructive sleep apnea syndrome; RP = retropalatal; RG = retroglossal. *Least squares mean and SE estimates from regression model adjusted for age at consent, race, Tanner stage, and sex. † Analysis of variance (P ANOVA ). ‡ P values for pairwise comparisons (P , 0.0167, indicating statistically significant after Bonferroni correction), applicable when P ANOVA suggests significant differences between groups. x Bonferroni-corrected significance level of P ANOVA , 0.0083 (equals 0.05/6).
║
Bonferroni-corrected significance level of P ANOVA , 0.0083 (equals 0.05/6).
ORIGINAL ARTICLE control subjects (5, 45) . One untested possibility is that adipose cells are deposited within lymphoid tissue in obese adolescents with OSAS. Alternatively, it is possible that the obese control subjects did not develop OSAS despite enlargement of upper airway soft tissues, owing to the presence of compensatory upper airway neuromotor reflexes during sleep. It has been shown that healthy children have increased upper airway reflexes to stimuli such as subatmospheric pressure and carbon dioxide during sleep (9) and that these reflexes decline during adolescence (35) . However, the rate of decline during adolescence is variable, and we have shown that obese adolescents without OSAS have increased upper airway reflexes during sleep compared with BMI-matched adolescents with OSAS (19) . Although enlargement of upper airway soft tissue structures and reduction in the craniofacial skeletal size increases the risk of developing OSAS, it is likely that a combination of these structures confers additional increased risk. A smaller craniofacial area and larger upper airway soft tissue volume should increase the severity of OSAS. Therefore, we examined the STCF ratio. This was found to be increased in the adolescents with OSAS, suggesting that increasing tissue within the craniofacial space increases the risk for OSA. In fact, the nasopharyngeal airway was smaller in the OSAS group than in the control group secondary to increased lymphoid tissue. Airway length has also been shown to be increased in adults and children with OSAS compared with normal control subjects (14, 32) . Moreover, studies have shown that healthy men and boys have a longer airway than women and girls do (14, (30) (31) (32) . Our data indicate that, in adolescents, airway length adjusted for height was borderline longer in the OSAS group than in obese control subjects, but unadjusted airway length was not different between these groups. We did not find sex-related differences in airway length in the OSAS group, but airway length in the obese and lean control subjects was significantly larger in the boys than in the girls.
Our study has shown important anatomic differences between adolescents with OSAS and control subjects. In addition, we observed "dose-response" relationships between AHI severity and adenoid volume, tonsillar volume, nasopharyngeal cross-sectional area, total lateral wall volume, and retropalatal lateral wall volume. Previous studies done with this cohort have also demonstrated that obese adolescents with OSAS have decreased upper airway reflexes in response to subatmospheric pressure loads (19) , as well as a decreased ventilatory response to hypercapnia during sleep (20) , compared with either lean or obese age-matched control subjects. Thus, the pathophysiology of OSAS in adolescents is complex and involves both anatomic and neuromotor abnormalities. Further research is needed to determine the relative contributions of anatomic and neuromotor dysfunction to the pathophysiology of OSAS in this age group.
This study shows interesting differences between boys and girls with OSAS. Both had increased lymphoid tissue, but the boys had predominantly larger tonsils, whereas the girls had predominantly larger adenoids. The reason for these sex differences is unknown, but it may be related to differences in estrogen receptors in lymphoid tissue (46, 47) ; further study is needed in this area. Clinically, this difference may not be important, as usual surgical treatment includes both adenoidectomy and tonsillectomy.
There are few studies reported in the literature in which researchers have examined upper airway structure specifically in adolescents. Arens and colleagues (3) evaluated a cohort of both children and adolescents that was younger (age range: 8-17 yr; mean age: 12 yr) than the sample in the present study. In their study, participants with OSAS were found to have larger tonsils and adenoids than control subjects did, similar to other studies in younger children. In addition, they noted increased size of the parapharyngeal fat pads in the OSAS group; a nonobese group was not available for comparison. In the present study, we did not find a difference ORIGINAL ARTICLE in fat pads between participants with OSAS and obese control subjects, although both obese groups had significantly larger fat pads than the lean control subjects did. A limitation of this study, as with most other published MRI-based studies, is that anatomic measurements were made during wakefulness. It is possible that upper airway hypotonia during sleep would affect upper airway muscle bulk and volumes, resulting in some differences from the present study.
In summary, the present study shows that lymphoid tissue, rather than other soft tissue components, is the primary structural abnormality in obese adolescents with OSAS. This finding is important for clinical management and suggests that, even in obese adolescents, adenotonsillectomy should be considered as an initial treatment for OSAS. This is particularly important when one considers that in this age group CPAP adherence tends to be poor (48, 49) and achieving weight loss is very difficult. However, further clinical studies, including pre-and postoperative polysomnography, are needed to confirm the results of this study in the adolescent population. n Author disclosures are available with the text of this article at www.atsjournals.org.
